Abstract We examined the associations between 21 single nucleotide polymorphisms (SNPs) of eight lipid metabolism genes and lipid levels in a Chinese population. This study was conducted as part of a population-based study in China with 799 randomly selected healthy residents who provided fasting blood and an in-person interview. Associations between variants and mean lipid levels were examined using a test of trend and least squares mean test in a general linear model. Four SNPs were associated with lipid levels: LDLR rs1003723 was associated with total cholesterol (P-trend = 0.002) and LDL (P-trend = 0.01), LDLR rs6413503 was associated with total cholesterol (P-trend = 0.05), APOB rs1367117 was associated with apoB (P-trend = 0.02), and ABCB11 rs49550 was associated with total cholesterol (P-trend = 0.01), triglycerides (P-trend = 0.01), and apoA (P-trend = 0.01). We found statistically significant effects on lipid levels for LDLR rs6413503 among those with high dairy intake, LPL rs263 among those with high allium vegetable intake, and APOE rs440446 among those with high red meat intake. We identified new associations between SNPs and lipid levels in Chinese previously found in Caucasians. These findings provide insight into the role of lipid metabolism genes, as well as the mechanisms by which these genes may be linked with disease.
Introduction
Serum lipids play an essential role in several metabolic systems, including the hormonal, nervous and circulatory systems [1] . Imbalances in serum lipid levels, such as hyperlipidemia, characterized by increased total cholesterol, triglycerides, and low-density-lipoprotein (LDL), and decreased high-density-lipoprotein (HDL), is associated with several chronic diseases, including cardiovascular disease, gallstones, hypertension, and cancer [2] [3] [4] [5] .
Serum lipids are affected by both lifestyle factors, such as diet, obesity, and physical activity, and genetic factors [6] . For example, high fat and low fiber diets have been consistently reported as risk factors for hyperlipidemia [7] . In addition, variants of genes involved in lipid metabolism, such as the low density lipoprotein receptor (LDLR), which encodes the LDL receptor that regulates the uptake of LDL by the liver and extrahepatic tissue, have been linked to higher serum levels of LDL [8] [9] [10] [11] as well as familial hyperlipidemia [12, 13] , but predominantly in Caucasian populations. Also, APOB and APOE, which encode the major carrier and binding proteins of LDL, apolipoproteins B and E, have been associated with higher serum levels of total cholesterol, LDL, and apolipoprotein B (apo B), and lower HDL [14] [15] [16] [17] [18] . Furthermore, several of these variants in the lipid metabolism pathway have been linked with chronic diseases, such as cardiovascular disease [9, 11, 16, 17] , cancer [19] , and alzheimer's disease [20] indicating the importance of gaining a better understanding of the functional effect of these variants. In this report, we examined the associations between 21 SNPs in eight genes in the lipid metabolism pathway (ABCB11, ALOX5, APOB, APOE, LDLR, LPL, RXRA, RXRB) and serum lipid (total cholesterol, triglycerides), lipoprotein (HDL, LDL), and apolipoprotein (apo A, apo B) levels in a population-based study, conducted in Shanghai, China.
Methods

Study participants
Participants for this study were controls selected for a USChina collaborative biliary tract cancer case-control study, which has been previously reported [21] [22] [23] . Briefly, participants were healthy, permanent residents of urban Shanghai, between 35 and 74 years of age, and were randomly selected from the Resident Registry of Shanghai (includes over 6 million records) between June 1997 and May 2001. The participation rate among eligible subjects was 82%; a total of 799 healthy participants were included in the study. All participants provided written informed consent; and the study protocol was approved by the Institutional Review Boards of the National Cancer Institute and Shanghai Cancer Institute (SCI).
Interview
Information on demographic characteristics, lifestyle behaviors and diet were obtained through in-person interviews conducted by trained interviewers, using a structured questionnaire. All interviews were taped and verified in order to assure accuracy of interview protocol and coding. At interview, weight, height, and waist and hip circumferences were measured. The response rate for interviews was over 82%. In order to assess the reproducibility of interview responses, 5% of the subjects were randomly selected for re-interview 3 months after the initial interview; the concordance of responses to key questions between the original and follow-up interviews was greater than 90%.
Blood collection and serum lipid assays
Overnight fasting blood samples were collected from over 80% of the participants who gave consent. Within 4 h of collection, samples were transported to the central processing laboratory at the SCI. Serum levels of total cholesterol, triglycerides, HDL, LDL, apo A and apo B were measured for all subjects who donated overnight fasting blood samples. Measurements were conducted at the Laboratory of Biochemistry, Institute of Cardiovascular Diseases, Zhongshan Hospital, Shanghai Medical University (Fudan University), using the following assays: (1) Total cholesterol: oxidation enzymatic assay using a cholesterol test kit prepared by Shanghai No.18 Pharmaceutical Company and spectrophotometer type 722 [24] ; (2) Triglycerides: glycerol phosphoricacid oxidase assay using a triglyceride kit prepared by the Shanghai Biochemical Company and spectrophotometer type 722 [24] ; (3) HDL: phosphotungstate-magnesium assay with the agent and instrument prepared and manufactured by the same companies as the total cholesterol assay [25] ; (4) Apo A and apo B: immunoturbidimetric assay prepared by Shanghai Technology Company and ultraviolet spectrophotometer type 754 [26] ; and 5) LDL was not directly measured but calculated by the Friedewald formula [27, 28] . Spectrophotometers were manufactured by the Shanghai Third Analysis Instrument Company. The sensitivity, specificity, and coefficient of variation of the lipid level assays were evaluated and were found to be satisfactory.
Genotyping
Genes were selected for their role in lipid metabolism and their potential effects on serum lipid levels (ABCB11, ALOX5, APOB, APOE, LDLR, LPL, RXRA, RXRB). SNPs were selected based on having a validated assay at the NCI Core Genotyping Facility (CGF) (http://cgf.nci.nih.gov/ home.cfm) and a variant allele frequency of at least 5% among Asians as reported by NCI's SNP500Cancer Database (http://snp500cancer.nci.nih.gov) [29] . Overall, the genes we selected are central to the lipid metabolism pathway, and the SNPs have validated assays and good coverage in the Chinese population. The 21 SNPs we examined are listed in the Supplemental Table. Genomic DNA was extracted from buffy coat by the standard phenol chloroform method at the NCI laboratory. Genotyping was conducted at the CGF using the TaqMan assay (Applied Biosystems, Foster City, CA, http://snp500cancer.nci.nih. gov). The genotyping failure rate among all samples was less than 2%. The quality and potential misclassification of the genotyping results were assessed by evaluating 20 duplicate DNA samples from 4 quality control subjects (80 total samples) that were randomly placed within the same reaction plates used for study subjects. The concordance between duplicate samples was over 99%. In addition, the 80 QC samples were typed for 20 unique molecular markers, which indicated a high ([99%) reproducibility of the genotyping results.
Statistical analysis
The Pearson chi-square test was used to determine whether the distributions of the selected characteristics differed between men and women. The lipids examined included, serum lipids (total cholesterol, triglycerides), lipoproteins (HDL, LDL), and apolipoproteins (apo A, apo B), and are henceforth collectively referred to as ''lipids.'' We examined the distribution of lipid levels and determined that total cholesterol and triglycerides were slightly skewed, thus we log transformed these values for statistical analyses. Associations between the selected characteristics and mean serum lipid levels were assessed using the linear test of trend for ordinal variables and the least squares mean test for dichotomous variables in a general linear model (GLM). Characteristics with statistically significant (P \ 0.05) differences in mean lipid levels were considered potential confounding factors in the analysis of genetic variants and serum lipid levels. Adjusted mean lipid levels were calculated for each of the three genotypes (homozygous common, heterozygous, and homozygous variant), as well as the combined heterozygous and homozygous variant genotypes (reflecting at least one copy of the variant allele) of every SNP using GLM. Associations between SNPs and mean lipid levels were assessed using a linear test of trend for the three genotypes, and the least squares mean test comparing the combined heterozygous and variant homozygous genotypes to the common homozygous genotype in a GLM. Initially, age group and gender were adjusted for, but additional models were fitted to further adjust for body mass index (BMI: kg/m 2 ), waisthip-ratio (WHR), hypertension, diabetes, gallstones, smoking status, drinking status, and total calories per day in order to evaluate the potential for confounding by these factors. Associations between SNPs and mean lipid levels were also examined in stratified subgroups of potential modifying factors, and the likelihood ratio test was used to formally test for multiplicative interactions. To consider multiple comparisons, we applied a Bonferonni correction for the associations between the 21 SNPs and the mean value of each lipid type, but did not correct over subgroup comparisons since these analyses are exploratory in nature and should be viewed as hypothesis generating rather than confirmatory.
We also examined the associations between the haplotypes of the three genes for which we had more than one SNP associated with mean lipid levels (ABCB11, APOB and LDLR). Among population controls, linkage disequilibrium (LD) between markers was assessed by calculating pariwise Lewontin's D' and r 2 using Haploview version 3.11 [30] . Haplotypes were reconstructed from genotype data using PHASE version 2.1, which uses a Bayesian algorithm to estimate haplotype frequencies [31, 32] . Associations between haplotypes and mean lipid levels were assessed by fitting an additive model in a GLM to estimate the mean lipid level per copy of each haplotype having a frequency of at least 5% or greater compared with the mean for the most common haplotype pair for each gene. The omnibus F ratio test was used to determine if any of the mean lipid levels were significantly different between the haplotypes within each gene.
Results
Overall, the majority of the participants were women (61.2%) and over 64 years of age (58%). There were significant differences between men and women in education, cigarette smoking and alcohol drinking status, BMI, WHR, gallstone status, total calories per day and total fats per day (P \ 0.05) (data not shown). Age-adjusted mean levels of total cholesterol, HDL, LDL, apo A and apo B were significantly higher among women than men (P \ 0.05), and remained significantly higher among women after further adjustment for BMI, WHR, hypertension, and gallstones (Table 1) . Due to these differences in lipid levels by gender, we calculated mean lipid levels in relation to selected characteristics separately by gender, but found only a few significant interactions, including that women in the oldest age group (65-75 years) had significantly higher total cholesterol and triglycerides than men in the Genetic determinants of serum lipid levels in Chinese subjects 765 Genetic determinants of serum lipid levels in Chinese subjects 767
same age group (P interaction = 0.02), and that women with hypertension (P interaction = 0.003) or diabetes (P interaction = 0.02) had significantly higher serum apo B than men (data not shown). Since gender did not significantly modify most of the associations between the selected characteristics and mean lipid levels, we report the mean lipid levels for men and women combined, adjusting for age and gender in order to account for potential confounding (Table 1) . Among all subjects, adjusting for age and gender, BMI, and WHR were positively associated with triglycerides and apo B, and inversely associated with HDL (P trend B 0.01). Also, subjects with hypertension and gallstone disease had significantly higher triglycerides than subjects without either condition, and diabetic subjects had significantly higher triglycerides and apo B than subjects without diabetes. For the dietary factors, total calories (kcal/day) was positively associated with total cholesterol (P trend B 0.02) and LDL (P trend B 0.04), and animal and dairy products (g/day) were positively associated with total cholesterol, HDL and apo B. There were no statistically significant associations for total fat, red meat, vegetable, or fruit consumption with mean lipid levels.
Of the 21 SNPs examined, four showed statistically significant linear associations with mean lipid levels ( Fig. 1; Table 2 ). For the LDLR rs1003723 (IVS9-30C[T) marker, total cholesterol (P trend = 0.002) and LDL (P trend = 0.01) were higher with each copy of the T allele compared to the CC genotype; and for the LDLR rs6413504 (IVS17-42A[G) marker, total cholesterol (P trend = 0.05) increased with each copy of the G allele compared to the AA genotype. For the APOB rs1367117 (EX4?56C[T) marker, apoB (P trend = 0.02) increased with each copy of the T allele compared to the CC genotype. TC and TT carriers of the APOB rs1367117 marker had higher serum triglyceride levels (TC?TT: mean = 119.6, F test P = 0.01) and higher LDL levels (TC?TT: mean = 115.5, F test P = 0.02) than carriers of the CC genotype, but the linear tests of trend were not statistically significant. For the ABCB11 rs49550 (EX28- 
; distribution based on WHO classification for obesity among Asians f Cutoffs for waist and hip circumference, and waist-to-hip-ratio based on quintiles among population controls 264A[G) marker, total cholesterol (P trend = 0.01), triglycerides (P trend = 0.01), and apoA (P trend = 0.01) were higher with each copy of the G allele compared to the GG genotype. These results changed little and remained statistically significant after further adjustment for age group, gender, BMI, WHR, hypertension, diabetes, gallstones, cigarette smoking, alcohol drinking, and total calories per day. The mean lipid levels for the other SNPs examined are shown in the Supplemental Table. The minor allele frequencies of the SNPs examined ranged from 4 to 39%, and the genotype frequencies showed no deviation from the expected Hardy-Weinberg equilibrium proportions at the P [ 0.01 level. To consider multiple comparisons, we applied a Bonferonni correction for the 21 SNPs tested, and found that the linear trend association between LDLR rs1003723 and total cholesterol remained statistically significant at the P B 0.05 level (Fig. 1) . Table 3 shows the statistically significant findings (P B 0.05) from the analysis examining the statistical interactions between the genetic variants and dietary factors on mean serum lipid levels adjusting for age group, gender, BMI, WHR, hypertension, diabetes, gallstone status, cigarette smoking, alcohol consumption, and total calories per day. We found that carriers of the G allele of the LDLR rs6413504 marker who had high dairy intake (C124 g/day), had on average, 26% higher serum triglycerides levels (mean = 137.5 mg/dl, F test P = 0.03, P interaction = 0.05) compared to carriers of the AA genotype. Also, carriers of the T allele of the LPL rs6413504 marker who had high allium vegetable intake (C10 g/day), had on average, 27.4% lower serum triglycerides levels (mean = 99.3 mg/dl, F test P = 0.01, P interaction = 0.04) compared to carriers of the CC genotype. We also found that carriers of the G allele of the APOE rs440446 (IVS1?69C[) marker who had high red meat intake (C30 g/day), had on average, 9.5% lower total serum cholesterol levels (mean = 174.5 mg/dl, F test P = 0.05, P interaction = 0.02) and 15.9% lower serum LDL levels (mean = 96.5 mg/dl, F test P = 0.04, P interaction = 0.02) compared to carriers of the CC genotype. BMI significantly modified the association between the LPL rs6413504 marker and mean HDL levels (P interaction = 0.04), however, due to the small sample size of the variant genotype of the LPL rs6413504 marker by BMI category, we had limited statistical power to accurately assess this interaction. Gender did not significantly modify the associations between the markers and mean serum lipid levels examined. Although we did not observe effect modification by WHR, hypertension, smoking, or alcohol consumption on the associations between the markers and the serum lipid levels, we had limited statistical power to accurately assess these interactions. There were no significant associations between the haplotypes of ABCB11, APOB and LDLR and serum lipid levels. 
Discussion
In this population-based study of healthy Chinese subjects, variants of LDLR, APOB, ABCB11, LPL, and APOE were associated with serum lipid levels. These results indicate that these lipid metabolism genes which have been associated with serum lipid levels predominantly in Caucasian populations, also have significant effects on serum lipid levels among Chinese. Furthermore, our results also suggest that these genetic variants modify established associations between dietary factors and serum lipid levels. Our finding of the association between two LDLR variants (rs1003723, rs6413504) with total cholesterol and particularly LDL are consistent with previous studies of other LDLR polymorphisms [8] [9] [10] [11] . For example, two LDLR markers, rs6511720 and rs228671, (not examined in our study) showed significant associations with LDL levels in recent genome-wide association studies conducted in Caucasian populations [8] [9] [10] . These two markers are not polymorphic in Chinese and are not in LD (D' \ 0.4) with the two LDLR markers reported in our study in Caucasians [33] . Therefore, it is likely that other causative variants are responsible for the effects observed in our study. We also found that another LDLR variant (rs6413504) was associated with increased serum triglyceride levels among subjects with a high dairy intake. Although no previous studies of LDLR have shown an interaction with dairy intake, an earlier study of a different coding variant, LDLR T1773C (rs688), reported significantly higher serum triglyceride levels among African American carriers of the T1773C allele [34] . This variant is in moderate to high LD with both LDLR markers noted in this study (D' with rs6413504 = 0.71, D' with rs1003723 = 0.89) [33] . Our findings together with results from previous studies suggest that LDLR has an important role on lipid levels in different ethnic populations. Previous studies have reported that decreased LDL receptor activity is associated with increased levels of triglycerides, LDL, and total cholesterol [35] [36] [37] . Given the LDL receptor's role as the primary binding site for serum LDL and triglycerides, and its regulation of the clearance of LDL and triglyceride-rich lipoproteins from circulation [35] , the association between the LDLR markers and total cholesterol, LDL, and triglycerides is biologically plausible.
Of special interest is that the T allele of the LDLR rs1003723 marker that was associated with high total cholesterol and LDL in this study, was previously shown to confer a 1.5-fold risk of bile duct cancer in the same study population [19] . We also previously showed that elevated total cholesterol and LDL were linked to bile duct cancer risk [5] , therefore it is plausible that the association between LDLR rs1003723 and bile duct cancer is in part related to its effect on total cholesterol and LDL. It is worthy to note that LDLR rs1003723 was the only variant that remained statistically significant after controlling for multiple comparisons, which further highlights the importance of this marker.
Our finding of an association between the APOB rs1367117 marker and apoB is consistent with previous studies of other APOB variants reporting higher levels of serum apoB [38, 39] . Our finding is biologically plausible as the APOB gene encodes for apolipoprotein B, the major carrier and binding protein of LDL. In our earlier study on biliary tract cancer, we found another APOB marker, rs520354 (IVS6?360C[T), which is in LD with rs1367117 (D' = 0.81) [33] , was associated with a two-fold risk of bile duct cancer among men [19] . We also found that the APOB rs520354 -rs1367117 haplotype was associated with a 1.6-fold risk of bile duct cancer [19] . Since bile duct cancer was linked with high serum apoB in this population [5] , this finding indicates that the APOB variants might be linked to bile duct cancer through their effects on apoB.
We also observed positive associations between the ABCB11 rs49550 marker and total cholesterol, triglycerides, and apoA. ABCB11 is a highly conserved member of the multi-drug resistance (MDR) gene family of adensosine triphosphate (ATP) binding cassette transporters. It is expressed in hepatocypes and is involved in the secretion of bile salts from the liver [40] . Mutations in ABCB11 have been associated with familial intrahepatic cholestasis [41, 42] . Although familial intrahepatic cholestatsis is usually not associated with abnormal cholesterol levels, little is known about the effects of ABCB11 variants on lipid levels. In lipid-lowering trials, bile acid binding agents, have been shown to lower glucose levels by reducing triglyceride levels [43] . Thus, given ABCB11's role in bile acid secretions, it is plausible that the gene may also have an affect on lipid levels [44] , although future studies are needed to confirm this hypothesis.
Our finding that the T allele of LPL rs6413504 was associated with lower triglycerides among those who had high allium vegetable intake (C10 g/day) has not been previously reported. LPL encodes the lipoprotein lipase enzyme, which functions as the rate-determining enzyme for the clearance of chylomicrons and very low density lipoproteins (VLDL) from circulation [45, 46] . Increased lipoprotein lipase activity has been linked with lower triglyceride and higher HDL in humans [47, 48] and laboratory animals [49, 50] , suggesting that the effect of LPL and allium vegetables on triglycerides may be linked to their impact on lipoprotein lipase activity. Allium vegetables, particularly garlic, have been shown to have lipid lowering effects in animals and humans [51] . The mechanism by which garlic reduces lipid levels in humans is uncertain, however, animal studies have shown that dietary garlic supplementation depressed lipogenic and cholesterogenic hepatic enzymes [52, 53] . It is worth noting that the median consumption of allium vegetables (10 g/day) in our Chinese population may be higher than the consumption in most US populations [54, 55] , which may have allowed us to detect the significant interaction with the LPL variant.
We also observed that carriers of the G allele of APOE rs440446 who had a high red meat intake had lower total cholesterol and LDL. Since high red meat consumption is typically associated with elevated cholesterol [7] , it is unclear why we found lower total cholesterol and LDL among this group. A large cohort study examining the same APOE marker among Caucasians also reported lower LDL levels among carriers of the G allele, although the association was not statistically significant [56] . The mechanism by which APOE rs440446 may be linked with lower LDL levels is unclear; however previous studies of another APOE variant have suggested that lower LDL levels may be linked to delayed catabolic rate of lipoprotein metabolism and decreased binding of LDL to the LDL receptor [56] [57] [58] . Additional experimental or large replication studies addressing the interaction between genetic variants and dietary factors in humans are required.
Notable strengths of this study include its populationbased design, random selection of participants, and the high response rate. Also, misclassification of genotypes is minimal given the high reproducibility of genotype data. Measurement error of serum lipids is likely to be small given the high sensitivity and specificity, and small coefficient of variation of the lipid level assays. We also had the unique ability to examine the associations between variants and lipid levels for variants previously associated with biliary tract cancer, thereby providing insight into the etiologic mechanisms of these cancers.
Limitations of the study should also be noted. Since SNP selection was not based on complete sequencing data, coverage of the genes was limited, thus, we may have missed the effect of some important markers. Also, since SNPs for this study were selected before results from other recent studies were available, we could not exactly examine the same markers in these other studies, limiting interstudy comparisons. Furthermore, we cannot conclude that the observed associations are causal since the functional effect of the SNPs are unclear; however, the observed SNP effects can be considered markers for other functional SNPs in LD with those examined in this study. Our statistical power to evaluate gene-gene and gene-environment interactions was limited. We had no information on use of cholesterol-lowering medication, which could have caused a decrease in serum lipid levels in subjects taking these medications. However, after excluding subjects with a history of hypertension, heart disease or diabetes (n = 377), (most likely to be taking lipid-lowering medications), the observed main effect associations remained statistically significant at the P \ 0.05 level, suggesting minimal impact of lipid-lowering drugs on our results.
In conclusion, this population-based study showed that variants of the LDLR, APOB, ABCB11, LPL, and APOE genes are associated with serum lipid levels in a healthy middle-aged and elderly Chinese population. In this Chinese population we identified new SNPs within genes previously associated with lipid levels in Caucasians, and showed that these variants modified established associations between dietary factors and lipid levels, suggesting the importance of these genes in different ethnic populations. Our findings also provided insight into the mechanisms by which these variants may be linked with chronic diseases, such as cancer. Future studies with a more comprehensive coverage of these genes are needed in different ethnic populations to provide further insight into the effect of these genes on serum lipid levels and other diseases.
